Adequate oral or intravenous doses of a betaadrenergic receptor-blocking drug, nethalide,' produce no significant changes in the resting oxygen consumption, heart rate, cardiac output, and systemic mean arterial or mean right atrial pressures of patients with spontaneous hyperthyroidism (1). These findings do not support the concept that the hemodynamic changes in hyperthyroidism are mediated through adrenergic stimulation of betaadrenergic receptors. The work of Brewster, Isaacs, Osgood, and King, however, supported the hypothesis that the sympathetic nervous system may be responsible for the metabolic and hemodynamic changes associated with the hypermetabolic state, since the alterations induced by thyroid feeding to dogs could be abolished by epidural blockade (2). The possibility exists that spontaneous hyperthyroidism and drug-induced hypermetabolism may have similar hemodynamic findings but different mechanisms. This study was designed to test the effects of beta-adrenergic blockade in normal subjects before, during, and after the induction of hypermetabolism with triio-
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dothyronine. 2 We also wished to test the hypothesis that triiodothyronine augments the hemodynamic responses to graded doses of isoproterenol.
Methods
The subjects in this study were eight volunteers from the Iowa State Penitentiary, Fort Madison, Iowa. We obtained informed consent from each subject. The men were hospitalized in the General Clinical Research Center, University Hospitals, Iowa City. They ranged in age from 30 to 40 years (mean, 35 years) and in body surface area from 1.76 to 2.14 m' (mean, 1.94). None had thyroid or cardiac disease. Each subject had a normal serum protein-bound iodine and 4-and 24-hour uptake of radioactive iodine by the thyroid gland. No subject had received antithyroid drugs. Each subject received a high caloric diet ranging from 3,500 to 5,000 calories throughout the study.
Hemodynamic responses to beta-adrenergic receptor stimulation by isoproterenol hydrochloride were recorded in the men before and after propranolol 8 (0.15 mg per kg iv) (3) . Heart rate, cardiac output, and systemic arterial and mean right atrial pressures were recorded before and during the fourth minute of infusion of isoproterenol at three dose levels, before and after propranolol. Isoproterenol was given at rates of 0.025, 0.05, and 0.1 ,cg per kg per minute by a constant speed infusion pump. An adequate amount of time (10 minutes) was allowed between the infusions of isoproterenol to allow the heart rate, pressures, and cardiac output to return to control levels.
The effect of amyl nitrite on systemic mean arterial pressure, heart rate, and cardiac output was measured in these subjects before and after propranolol. This drug was given as an indirect method of testing the ability of propranolol to block reflex stimulation of beta-adrenergic receptors. The ampule of amyl nitrite was crushed and held close to the subject's nostrils during three to six breaths.
Measurements of oxygen consumption, heart rate, pres-sures, and cardiac output were made also in each of the eight subjects before and during the fifth minute of exercise (bicycle ergometer) in the supine position before and after the beta-adrenergic-blocking drug. The speed of the ergometer and the work load were kept constant in each subject during each period of exercise. The order of administration of drugs (isoproterenol, amyl nitrite) and exercise was random before and after propranolol. The sequence of the three doses of isoproterenol was 0.025, 0.05, and 0.1 gg per kg per minute. Ten to 15 minutes was allowed after each procedure to enable heart rates, pressures, and cardiac output to return to control levels. These studies were done in each subject on three separate occasions. The first session was a pretreatment control (A). The second session (B) followed 14 days of treatment with triiodothyronine, 250 to 500 Ag per day; the third session (C) was a post-treatment control and took place 21 days after triiodothyronine had been discontinued. Body weight and radial pulse rates during sleep were measured daily. The average weight and the average sleeping pulse rate for the last 3 days of each session, oxygen consumption, serum cholesterol, and clinical evaluation were used as indexes of the subject's metabolic state. Blood was obtained each week for determination of hematocrit, leukocyte and differential cell counts, serum glutamic-oxaloacetic transaminase, and urea nitrogen. Urinalyses were also done each week.
Each patient was in a fasting state on the day of study; no sedative was given. Measurements were made with the patient in the supine position. A small catheter was introduced through the basilic vein and advanced until its tip was lying free in the right atrium. A Cournand needle was placed in a brachial artery. Pressures were recorded from the right atrium and brachial artery with Statham strain gauges. Mean pressures were recorded by electrical integration. Pressure recordings were made immediately before cardiac output determinations. The' catheter in the right atrium was filled with indocyanine green dye and connected through a three-way stopcock to a dye reservoir and injection system. The needle in the brachial artery was connected through a short polyethylene tube to the cuvette of a Gilford densitometer. Each dye injection contained 2.8 mg of dye. Dye was injected into the right atrium, and dye curves were obtained by drawing arterial blood through the densitometer with a constant speed pump at the rate of 38 ml per minute. Three-point calibration curves were made in each study. Cardiac output was calculated by the StewartHamilton method. Total peripheral resistance was calculated in terms of dynes-second-cm'. Lead I of an electrocardiogram was recorded during each cardiac output determination to measure heart rate. Dye curves, heart rates, and blood pressures were recorded with a Sanborn direct-writing oscillograph. Duplicate measurements of output and pressures were made during the initial control period before propranolol. Expired air was collected in a Tissot spirometer for 3 minutes for determination of oxygen consumption. Two measurements were made initially during the control period.
Oxygen consumption was measured again just before and during the third through the fifth minutes of exercise, before and after propranolol. All values for oxygen consumption are given in terms of standard conditions (O°C and 760 mm Hg, dry).
The results obtained in the second session (during triiodothyronine administration) were compared to those of the two control sessions. Dose-response regressions were computed for the changes in heart rate, cardiac index, systemic mean arterial and mean right atrial pressures, and total peripheral resistance produced by the three doses of isoproterenol before and after propranolol (4) . The control values and responses to isoproterenol in each session before and after propranolol were compared initially by analyses of variance (4) . The results obtained in the hypermetabolic session before and after beta-adrenergic receptor blockade were contrasted with those of the control sessions using orthogonal contrasts (5) . Control values and responses to amyl nitrite and to exercise in the three sessions were compared by analyses of variance. Student's t test for paired data was used for analysis of the responses to amyl nitrite and to exercise within each session (4). Dunnett's test for multiple comparisons with a control was used to compare the effects of propranolol on the control hemodynamic values at 15, 45, and 70 minutes after the drug to the control values just before the beta-adrenergic blocking drug was given within each session (6, 7) . F values or t values derived from the analyses were considered statistically significant if p < 0.05.
Results
General. The effects of graded doses of triiodothyronine on the average sleeping pulse, oxygen consumption, body weight, and serum cholesterol of the eight normal subjects are shown in Figure  1 . Triiodothyronine increased the average sleeping pulse rate from 66 to 96 beats per minute (p < 0.01), and the resting oxygen consumption from 130 to 190 ml per minute per m2 (p < 0.01). The average body weight of the subjects decreased from a control level of 183 pounds at the end of the first week of the study to 178 pounds (p < 0.01) during triiodothyronine. Serum cholesterol fell from an average control level of 202 mg per 100 ml to 124 mg per 100 ml (p < 0.01) during the hypermetabolic period. Three weeks later, during the final control session, the average sleeping pulse rate, oxygen consumption, body weight, and serum cholesterol returned to, or nearly to, the initial control levels.
Each of the subjects developed various symptoms and signs of hypermetabolism. Most of them were aware of palpitation and pounding of the heart. Nervousness, tremor, and increased irritability were prominent in the majority of subjects especially during the time they were receiving 400 to 500 ,ug of triiodothyronine per day.
The infusions of isoproterenol, the inhalations of amyl nitrite, and the mild exercise were well tolerated by all of the subjects during each session. Some of them had palpitation and pounding of the heart during infusion of the largest dose of isoproterenol. These symptoms did not occur during any of the infusions of isoproterenol after intravenous propranolol. The clinical manifestations of drug-induced hypermetabolism were not affected by beta-adrenergic receptor blockade.
Analysis of the hematocrits from blood samples from the right atrium at the end of each hemodynamic study showed that there was a small reduction from an average control level of 40%o in the first session to 37%o (p < 0.05) during the hypermetabolic period. The average hematocrit of 38%o obtained at the end of the final session was similar to that of the other two periods.
No adverse effects of propranolol were noted in these studies as measured by changes in leukocyte count, differential cell count, serum glutamic-oxaloacetic transaminase, blood urea nitrogen, and urinalysis.
Effects of isoproterenol before and after intravenous propranolol. The effects of isoproterenol on heart rate, cardiac index, and systemic mean arterial and mean right atrial pressures before and after propranolol (0.15 mg per kg iv) in each of the three sessions are shown in Figure 2 . Triiodothyronine produced an increase in control heart rate from 65 to 95 beats per minute (p < 0.01) and in cardiac index from 3.0 to 4.3 L per minutes per m2 (p < 0.01) but did not change the control systemic arterial or mean right atrial pressures appreciably. Before propranolol, isoproterenol produced a significant dose-related increase in heart rate in each session. These doseresponse curves were linear and parallel. Analysis of variance (Table I) shows that the increments in heart rate during isoproterenol infusions in the hypermetabolic period were not significantly different from those found during isoproterenol administration in the two control periods. The increases in cardiac output during isoproterenol were slightly, but significantly, greater during the two control periods than during the hypermetabolic period. After propranolol, isoproterenol did not produce appreciable increases in heart rate or cardiac output in any session.
The initial systemic mean arterial pressures before propranolol averaged 93, 90, and 84 mm Hg, respectively, in the three sessions. The average decreases in systemic mean arterial pressure during the two control sessions were similar and not significantly different from those observed with HEART * The three sessions were the initial hemodynamic study (A), the study after 2 weeks of oral administration of triiodothyronine (B), and the final control study, which was done 3 weeks after the triiodothyronine was stopped (C). The increases in heart rate and the decreases in systemic mean arterial pressure during isoproterenol infusions in the three sessions were linear and parallel but not significantly different from each other. The increments in cardiac output during isoproterenol were slightly but significantly greater during the two control periods than during the hypermetabolic period.
The decrements in mean right atrial pressure were similar in the two control sessions (A and C); the decrements in mean right atrial pressure in the hypermetabolic session (B) were slightly but significantly less than in the controls (A + C). isoproterenol in the hypermetabolic session (Table  I) . After propranolol, the average control systemic mean arterial pressures in the three sessions were not significantly different from the average control values before beta-adrenergic receptor blockade. The absolute levels of arterial pressure during infusions of isoproterenol were higher after propranolol in each of the two control sessions (p < 0.01) and in the hypermetabolic period (p < 0.05) than their respective levels during isoproterenol before beta-adrenergic blockade. Mean right atrial pressures before propranolol averaged 4.6 and 4.5 mm Hg, respectively, in the two control sessions. The mean right atrial pressure was slightly lower (p < 0.05) during the hypermetabolic period, averaging 3.6 mm Hg. During isoproterenol infusions mean right atrial pressure decreased in each period; the reductions in pressure were less during the triiodothyronine session than in the control sessions (p < 0.01). After propranolol, mean right atrial pressure averaged 5.1 mm Hg in the initial control session and was slightly higher (p < 0.01) than before betaadrenergic blockade. Propranolol did not alter the control venous pressures in the other two sessions. Propranolol attenuated the reductions in mean right atrial pressure during isoproterenol infusions in each of the three sessions (p < 0.01).
Since the control mean arterial pressure did not vary and flow increased, the initial average total systemic resistance was lower (p < 0.01) in the hypermetabolic session before and after propranolol than in the euthyroid periods. Isoproterenol produced significant decreases in resistance in all sessions before propranolol; the decrements in resistance during isoproterenol infusions were less in the hypermetabolic session (p < 0.01) than during the control periods. Propranolol significantly attenuated the reductions in resistance during administration of isoproterenol in each session; its effects were not appreciably different in any period.
Effects of amyl nitrite before and after propranolol (Table II) . The average control systemic mean arterial pressure during the hypermetabolic session was not appreciably different from those of the control sessions. Before propranolol, the average reductions in mean arterial pressure during inhalation of amyl nitrite were 20, 34, and 25 mm Hg in sessions A, B, and C, respectively. The subjects in session A received only three inhalations of amyl nitrite and had smaller re- . Observations made before and during the fifth minute of recumbent exercise (bicycle ergometer) after propranolol. The average increments in mean right atrial pressure during exercise after propranolol in sessions A and C were greater than the changes in mean right atrial pressure during exercise before beta-adrenergic blockade (p <0.02).
The increases in systemic mean arterial pressure during exercise were less after propranolol (p <0.05) in the first session.
The average decrement in resistance during exercise was greater after propranolol (p <0.01) in the first session. The average control calculated total systemic resistance before amyl nitrite was lower (p < 0.01) during the hypermetabolic period than during the two euthyroid sessions both before and after propranolol. Beta-adrenergic receptor blockade did not alter the control levels of resistance in any session. The average decrements in total systemic resistance during inhalation of amyl nitrite were not significantly different in the three sessions before or after beta-adrenergic receptor blockade.
Effects of exercise before and after intravenous propranolol. The effects of supine leg exercise on oxygen consumption, heart rate, cardiac index, and systemic mean arterial and mean right atrial pressures before and after beta-adrenergic receptor blockade in the three sessions are shown in Table  III . Before propranolol, the average control oxygen consumption during the hypermetabolic session was higher than those of the control periods (p < 0.01). The average increments in oxygen consumption during exercise before propranolol, however, were not appreciably different in the three periods. Propranolol did not alter the control oxygen consumption in any of the three sessions. The average increases in oxygen consump-tion during exercise after propranolol were similar in the three periods.
The average control heart rate before propranolol was significantly higher in the hypermetabolic period than in the control sessions (p < 0.01). During exercise, however, the increments in heart rate before beta-adrenergic receptor blockade were not significantly different during the period of triiodothyronine administration as compared to those of the control sessions. Propranolol alone did not appreciably alter the control heart rates in any session, nor did it significantly attenuate the increments in heart rate during exercise in either the hypermetabolic or the control sessions.
The average control levels of mean right atrial pressure (in five of eight subjects in which it was measured) before exercise were similar in the three periods before and after propranolol. The increments in mean right atrial pressure during exercise were larger after propranolol in each session as compared with the changes in mean right atrial pressure during exercise before beta-adrenergic blockade, but statistically significant differences were only obtained in the two control sessions.
The average resting supine mean arterial pressure during the period of triiodothyronine administration was not appreciably different from the average mean arterial pressures during the control sessions. Exercise produced a small increase in systemic mean arterial pressure during the control sessions (p < 0.01), but not during the hypermetabolic period. Propranolol alone did not alter HEART RATE beats/min 100 the average resting mean arterial pressure or the changes in pressure during exercise in the three sessions. The changes in mean arterial pressure during exercise after propranolol were not appreciably different from those occurring with exercise before the beta-adrenergic-blocking drug was given in either the hypermetabolic or the final control session.
The average resting cardiac index during the hypermetabolic session was higher than those of the control periods (p < 0.01). The average increases in cardiac index with supine leg exercise were similar during the three sessions before propranolol. The average resting cardiac indexes were not appreciably altered by the beta-adrenergic-blocking drug. The increments in cardiac index during exercise were similar in the three periods after propranolol and not appreciably different from the increases in flow during exercise before propranolol.
Since the resting levels of pressure were similar and the resting flows were higher in the hypermetabolic session than in the two control periods, the average systemic resistance at rest was lower in the hypermetabolic period (p < 0.01). The average reductions in calculated resistance during exercise were not significantly different in the three sessions. Propranolol did not change the resting total systemic resistance in either the hypermetabolic or the final control sessions; in the first control period the calculated total systemic resistance was slightly higher after the administration of propranolol. The average decrements in resistance during exercise after propranolol in the hypermetabolic and final control sessions were similar to the corresponding changes during exercise before propranolol. The average decrement in resistance during exercise in the first control session was significantly greater after propranolol as compared with the average change during exercise before the beta-adrenergic-blocking drug (p < 0.01).
Effects of propranolol on heart rate, cardiac index, and mean arterial and mean right atrial pressures. The effects of propranolol (0.15 mg per kg) on the average control levels of heart rate, cardiac index, and systemic mean arterial and mean right atrial pressures at 15, 45, and 70 minutes after its infusion into the right atrium are shown in Figure 3 . The average control values depicted for each session were those recorded just before propranolol was given via the right atrial catheter. The average control heart rate and average cardiac index were appreciably higher in the hypermetabolic session than during the control sessions. The average heart rate and cardiac index at 15, 45, and 70 minutes after propranolol in each session, however, were not appreciably different from their respective control values. The absolute levels of systemic mean arterial pressure in each session at the same time intervals after propranolol were also not significantly different from their respective control levels. Calculated average total systemic resistances at the 15-, 45-, and 70-minute periods were not appreciably different from their control values before propranolol. The average mean right atrial pressures in both control sessions were slightly, but significantly, higher only at the 15-minute period after propranolol. In the hypermetabolic session the average mean right atrial pressure was not appreciably different from control at 15, 45, and 70 minutes after propranolol.
Discussion
These results show clearly that in the dose used in these studies (0.15 mg per kg) propranolol can produce effective beta-adrenergic receptor blockade. The effects of graded doses of isoproterenol on heart rate, cardiac output, and mean arterial and mean right atrial pressures of normal subjects were blocked or significantly attenuated by propranolol in the hypermetabolic session as well as in the two control periods. We cannot necessarily infer from these results, nor from similar results in a previous study in patients with spontaneous hyperthyroidism (1) , that beta-adrenergic stimulation by endogenous catecholamines was blocked. Therefore, the hemodynamic responses to amyl nitrite were studied in each session as an indirect means of testing the ability of propranolol to block reflex stimulation of beta-adrenergic receptors. Significant attenuation of the average increments in heart rate during amyl nitrite inhalation in the hypermetabolic and final control sessions provides additional evidence that effective beta-adrenergic receptor blockade was achieved in these subjects in the hypermetabolic and control sessions.
The present study also clearly shows that in normal subjects triiodothyronine did not augment the hemodynamic responses to graded doses of isoproterenol. The increments in heart rate and the decrements in mean arterial and mean right atrial pressures with isoproterenol during the hypermetabolic session were not significantly different from those of the control sessions when the subjects were euthyroid. Moreover, the increases in cardiac output during infusions of isoproterenol were slightly but significantly less when the subjects were hypermetabolic than when they were euthyroid. Thus, the chief difference between the subject with triiodothyronine-induced hypermetabolism and the normal subject is the starting level of heart rate and cardiac output, rather than the changes in response to isoproterenol. A similar study of the effects of triiodothyronine on the hemodynamic responses to graded doses of the naturally occurring catecholamine, epinephrine, has recently been reported from our laboratories (8) . The increments in heart rate, cardiac output, and mean arterial and mean right atrial pressure with graded doses of epinephrine during a period of triiodothyronine-induced hypermetabolism were similar to those of the euthyroid period in eight normal subjects.
These studies in man, coupled with those of Van der Schoot and Moran (9) and Margolius and Gaffney (10) in animals, indicate that the hemodynamic changes in hyperthyroidism are not mediated through stimulation of beta-adrenergic receptors and refute the old concept that excess thyroid hormone augments the actions of catecholamines.
The effects of beta-adrenergic receptor-blocking drugs on the hemodynamic responses of normal subjects and of patients with heart disease to various grades of exercise have been reported by several groups (11) (12) (13) (14) (15) . Epstein, Robinson, Kahler, and Braunwald have clearly shown that although propranolol reduces the circulatory responses to maximal and submaximal exercise in normal subjects and in patients with cardiac disorders, cardiac output still rises considerably during exercise after beta-adrenergic receptor blockade (15) . No attempt was made in the present study to achieve maximal levels of exercise. The increments in oxygen consumption during exercise were modest in comparison with those reported by Epstein and co-workers (15) . The lack of effect of the identical intravenous dosage of propranolol on the hemodynamic responses to mild exercise in these normal subjects during either the hypermetabolic or the control sessions leads us to agree that sympathetic stimulation of the heart plays a minor role in the responses to mild exercise in the normal subject or in the hypermetabolic subject. A number of other mechanisms may be involved when beta-adrenergic receptors are blocked during exercise. Withdrawal of vagal tone may partially explain increased heart rate during exercise after propranolol. During exercise the average increments in mean right atrial pressure were greater after propranolol than those during exercise before the beta-adrenergic receptor-blocking drug. Thus, an increase in venous return could still occur secondary to systemic venoconstriction and the pumping action of the skeletal muscles. Beta-adrenergic receptor blockade did not reduce the decrease in total peripheral resistance during exercise in any session. This finding suggests that vasodilation might occur through mechanisms independent of beta-adrenergic receptors. It is known that the increase in cutaneous blood flow of the forearm in thyrotoxicosis is largely mediated by a cholinergic mechanism (16) .
Summary
The effect of beta-adrenergic receptor blockade was studied in eight normal subjects before, during, and after a period of triiodothyronine-induced hypermetabolism. Hemodynamic responses were measured during infusions of graded doses of isoproterenol, during inhalation of amyl nitrite, and after mild exercise before and after propranolol.
Propranolol inhibited the chronotropic and inotropic effects of isoproterenol but did not significantly change oxygen consumption, heart rate, systemic mean arterial pressure, cardiac output, or total systemic resistance in these subjects in either the hypermetabolic or the two control sessions.
Beta-adrenergic receptor blockade did not alter the fall in mean arterial pressure during inhalation of amyl nitrite in any session. Propranolol significantly attenuated the increase in heart rate, but not the rise in cardiac output during amyl nitrite in the hypermetabolic and final control sessions.
The hemodynamic responses to mild exercise were similar before and after propranolol in each period.
Triiodothyronine did not augment the hemodynamic responses to isoproterenol. The positive chronotropic and the vasodepressor effects of isoproterenol were similar in the three sessions. The increments in cardiac output during infusions of isoproterenol were slightly but significantly greater in the control sessions than those of the hypermetabolic session.
These studies in man indicate that the hemodynamic changes in triidothyronine-induced hypermetabolism, like those of spontaneous hyperthyroidism, are not mediated through stimulation of beta-adrenergic receptors.
